Variable (or noisy) ventilation (VV) has been demonstrated in animal models of acute lung injury to be superior to constant (or conventional) ventilation (CV), in terms of improved gas exchange and mitigation of lung injury, for reasons that are not entirely clear. We hypothesized that the efficacy of VV is related to the fact that recruitment and derecruitment of lung units are dynamic processes. To test this hypothesis, we modeled the lung computationally as a symmetrically bifurcating airway tree terminating in elastic units. Each airway was fully open or completely closed, at any point in time, according to its pressure history. The model is able to accurately mimic previous experimental measurements showing that the lungs of mice injured by acid aspiration are better recruited after 60 min of VV than CV. The model also shows that recruitment/derecruitment dynamics contribute to the relative efficacy of VV, provided lung units open more rapidly than they close once a critical opening or closing pressure threshold has been crossed. We conclude that the dynamics of recruitment and derecruitment in the lung may be important factors responsible for the benefits of VV compared with CV. mechanical ventilation; noisy ventilation; lung elastance; acute lung injury CONVENTIONAL MECHANICAL VENTILATION delivers a set tidal volume (VT) to the lungs with exactly the same frequency for every breath. By contrast, the pattern of natural breathing varies from breath to breath, and it has been postulated that such variability may be important for normal physiological function. Accordingly, interest has recently begun to focus on the use of variable (or noisy) ventilation (VV) for the treatment of acute lung injury (ALI). Although not all studies have found VV to be advantageous (28), most have reported superior oxygenation and/or lung mechanics compared with the conventional ventilation (CV) approach (8, 9, 12, 13, 16, 19, 22, 23, 25-27, 37, 39). This raises the intriguing question as to the mechanisms underlying the relative efficacy of VV. Suki et al. (38) explained it as being due to a form of stochastic resonance, whereby the nonlinear shape of the pulmonary pressurevolume curve leads to a greater level of open lung when VT is varied breath-to-breath. However, this is a static view of the situation, in which the amount of open lung at any point in time is determined purely by the current pressure, with no explicit dependence on time. In fact, recruitment and derecruitment of the lung can be highly dynamic (1, 11, 21) , with the result that the amount of open lung is strongly determined by pressure history. Because of these dynamics, occasional large VT values during VV have the potential not only to recruit the lung but to keep it open for significant periods of time, possibly serving to maintain a greater mean level of open lung than would be the case if VT were kept uniform and modest.
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We therefore hypothesized that the efficacy of VV compared with CV might be due in part to the dynamic nature of recruitment and derecruitment. Given that these dynamics depend significantly on the type and extent of lung injury, understanding their implications for VV could be important, for example, for eventually designing optimal VT sequences to treat particular types of lung injury. To test this hypothesis, we performed a computational modeling study in which the effects of VV were compared with those of CV. Using a model of recruitment and derecruitment dynamics that we developed previously (20) , we simulated the effects of ALI in mice (39) and examined how the application of varying VT levels on a breath-by-breath basis affects the mean amount of open lung compared with that achieved with CV. Normalization constant in probability density function V L Total flow to the lung
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METHODS
An anatomically based computational model that has been described in detail previously (20) was used for this study. Briefly, the model describes a commercial small animal ventilator (flexiVent, Scireq, Montreal, PQ, Canada) connected to a mouse lung, the latter represented by a symmetrically bifurcating airway tree with identical acinar units appended to the last airway generation. The elastance of each acinar unit is equal to the total lung elastance at baseline (EL 0) times the number of acinar units. Each airway can exist in either of two states, open or closed, and can make a transition between these states as a function of pressure and time (21) . Each airway is associated with a virtual trajectory (0 Յ x Յ 1) and has a critical opening and closing pressure (P o and Pc, respectively). Movement along the virtual trajectory occurs at a speed proportional to the difference between the current pressure and P o (toward increasing values of x) or Pc (toward decreasing values of x), the constants of proportionality being so and sc, respectively. If the airway is closed and x reaches 1, the airway will immediately open. The converse occurs if x reaches 0. In other words dx dt ϭ s o (P Ϫ P o ); P Ͼ P o ϭs c (P Ϫ P c ); P Ͻ P c (1)
To run the model with CV, mean VT (VTmean) was set at 0.2 ml (ϳ8 ml/kg in mice) and breathing frequency (f) was 240 breaths/min. For VV, the mean values of VT and f were the same as for CV, but each varied randomly breath-by-breath, so as to keep the minute ventilation over each breath (f ϫ VT) constant. VT adhered to the probability density function (39)
where Vmin ϭ 0.7VTmean, Vmax ϭ 2.25VTmean, and v0 is a normalization constant such that Vp ϭ 0.9VTmean. This probability density function (see Fig. 1 (21) that the difference between Po and Pc can be assumed to be the same for all airways in acid-injured mice. Together with the assumption that c ϭ o, this means that, instead of having independent distributions for Pc and Po, we effectively have the same distribution for both, but one is shifted by a fixed amount (⌬P) relative to the other. To mimic the increased propensity for small airways to close more easily than large airways, the mean critical closing pressure is assumed to increase linearly with generation number from zero in the trachea to c in the last generation, in accordance with experimental observations (17, 29) . The model thus has five independent adjustable parameters (c, c, o, So, and Sc) that, together, define the probability distribution functions from which the open and closing pressures and speeds for each airway are randomly drawn.
The model was initialized to have all airways open and all values of x set to 1. Simulations began with a run-in period of 5 min of ventilation followed by two deep inflations (DIs; sinusoidal, peak-topeak value 1 ml, period 4 s). Immediately after the DIs, CV or VV was applied for 60 min, as described above. During this period, we determined the open fraction [O(t)] of the lung as a function of time, defined as the fraction of units in communication with the tracheal opening. We also determined the time course of model elastance [EL(t)], in analogy with experimental practice, by fitting the conventional one-compartment linear model of the lung
to the simulated pressure [
PL(t)], ventilated lung volume [VL(t)], and flow [V L(t)
] signals from each breath using multiple linear regression (10) , where RL(t) is lung resistance. We assessed the efficacies of CV and VV in terms of the changes in O(t) and EL(t) from their values immediately following the two DIs to their final values at the end of the 60-min ventilation period (the values used for this calculation being the averages of these quantities over 5-min periods). We performed a Monte-Carlo simulation under each set of conditions (i.e., values of c, c, o, o, So, and Sc) by performing 400 -500 runs using independent values for the individual airway properties drawn from the appropriate probability distributions. The averages of O(t) and EL(t) were determined from each set of simulations. The remaining model parameters were set as described in our previous study (20) . Baseline (all airways open) total lung resistance (RL 0) was 2 cmH2O·s·ml
Ϫ1 and total lung elastance (EL0) was 22 cmH2O/ml. The ventilator tubing resistance (Req) was 0.41 cmH2O·s·ml Ϫ1 and the ventilator cylinder gas elastance (Egas) was 185 cmH2O/ml to match those of the flexiVent ventilator (21) . A seven-generation airway tree was assumed in most simulations, and the size ratio between successive airway generations was 0.9. The model equations were integrated with a time step size (⌬t) of 0.002 s. For the sensitivity analyses, a ⌬t of 0.001 s and an eight-generation airway tree were used. All simulations were performed with MATLAB (version 2007, MathWorks, Natick, MA) on a Linux cluster in the serial run mode. Each pair of Monte-Carlo simulations of CV and VV took ϳ75 min on a single processor in the cluster.
RESULTS
We first attempted to get the computational model to mimic the time courses of EL(t) measured in a previous study comparing CV with VV in mice with ALI caused by aspiration of a small dose of HCl (39) . In this prior study, a recruitment maneuver was followed by 60 min of ventilation against 3 cmH 2 O PEEP using the CV or VV protocols described in METHODS. The mean time courses for EL(t) obtained experimentally are shown in Fig. 1 . We found that, with use of the following trial-and-error procedure, the model could be made to accurately mimic the VV data. We began with an initial set of parameters based on previous experience (20, 21) and simulated the time course of elastance over the 60-min ventilation period. The result was compared visually with the experimental data, the model parameters were modified, and the new prediction was compared with the data again. This process was repeated 40 times until a visually good match to the data was obtained. This is shown by the thin solid line in Fig. 1 , which is the mean of 400 Monte-Carlo runs of the model driven with VV using c ϭ 3 cmH 2 . By contrast, when the model was driven with CV using the same set of parameter values, the predicted EL(t) increased rapidly and initially overpredicted the experimental values. Later, EL(t) flattened out, however, and underpredicted the experimental values (thick solid line, Fig. 1 ). Despite extensive searching of the model parameter space, it was not possible to obtain a percent change in EL(t) that gave a good match to the experimental curve in both magnitude and slope of increase under CV. In particular, it was not possible to have the model reproduce the initial rapid increase in EL(t) followed by the later slower increase in the CV data using only a single set of model parameter values. We therefore hypothesized that the model parameters were not constant during CV as a result of ongoing development of lung injury, in contrast to the relatively protective VV during which injury level remained stable. To simulate injury development in CV, a trial-and-error approach was again used. After 40 trials, a good reproduction of the experimental CV data in injured mice (dashed line in Fig. 1 ) was obtained when c increased linearly in time from an initial value of 3 cmH 2 O to 4.5 cmH 2 O after 60 min, o increased correspondingly from 9 to 10.5 cmH 2 O, and S o and S c remained fixed at 0.016 and 0.011 s Ϫ1 ·cmH 2 O Ϫ1 , respectively. By contrast, when we allowed o and c to increase in this way with VV, we obtained a worse fit to the data (dotted line in Fig. 1 ) than when o and c remained constant. Figure 2 shows examples of O(t) and EL(t) from a single run of the model using the parameters corresponding to the VV best-fit case in Fig. 1 . Because of the finite size of the model airway tree (7 generations), the curves are somewhat jagged in appearance due to the macroscopic manifestations of individual derecruitment events (the average of 400 such curves gives the smooth curves shown in Fig. 1) . Nevertheless, the ability of VV to prevent derecruitment compared with CV is clearly apparent.
We next investigated how dependent the improved performance of VV was, relative to CV, on PEEP and the various parameters of the model. Figure 3 shows the percent reduction in EL at the end of the 60-min ventilation period obtained with VV relative to CV (a positive value indicating that VV is better at maintaining the lung open). Figure 3A shows that when the critical opening and closing pressures differ, as in the previous simulations ( o Ϫ c ϭ 6 cmH 2 O), VV improves on CV at 1-3 cmH 2 O PEEP, whether the speeds of opening and closing are the same or not or, even, whether opening and closing events occur instantaneously once their respective pressure thresholds have been crossed. This is not the case, however, when there is no difference between the opening and closing pressures ( o ϭ c ) and the opening and closing speeds (S o ϭ S c ) are the same (Fig. 3B) . A somewhat similar picture applies to the peak airway pressures generated at the end of the 60-min ventilation periods (averaged over the final 5 min; Fig. 4 ), although in this case the conditions o ϭ c and S o ϭ S c lead to VV actually being more injurious (i.e., producing higher pressures) than CV. We found that these conclusions were not altered by using a smaller time step (0.001 vs. 0.002 s) or a larger airway tree (8 vs. 7 
generations).
Finally, the original VV series of VT values was modified in various ways to investigate how efficacy depends on the randomness of the signal and its probability density distribution function. Figure 5A shows the original VV series of VT values. This series of values was sorted into ascending order and then sampled uniformly from beginning to end to create the series of VT values shown in Fig. 5, B and C. Figure 5B shows a pair of identical symmetrical peaks using 200 samples. Figure 5C shows a pair of identical monotonically increasing curves using 600 samples. Thus, while the signals in Fig. 5 , B and C, have the same probability distribution functions as the original random signals, by ordering the data points according to amplitude, we eliminated the stochastic nature of the original signals. Finally, Fig. 5D shows a sequence of constant VT values at the mean of the previous sequences (0.2 ml) with single DI (VT ϭ V max ) applied every 65 cycles. This is similar to the CV complemented with periodic DIs in the original experimental study (39) . The time courses of percent increase in EL produced when each of these VT sequences was applied to the model were very similar and are shown in Fig. 6 . Note that when we repeated the model simulations using increased time durations between the appearances of large VT values, the predicted increases in EL were greater than those seen experimentally, and vice versa.
DISCUSSION
Mechanical ventilation is a key therapeutic intervention in critically ill patients, particularly those with acute respiratory distress syndrome (ARDS), but it also has the capacity to greatly exacerbate existing injury through a process known as ventilator-induced lung injury (35, 40) . Clinical practice mandates the use of relatively small VT (ideally 6 ml/kg) in ARDS on the basis of a well-publicized clinical trial (40) . Even though other ventilatory strategies have yet to pass the rigors of a randomized clinical trial, a number of them seem physiologically compelling for the treatment of ALI/ARDS and have shown some promise in preclinical investigations. One such example, and the focus of the present study, is the use of a randomly varying breathing pattern. VV was originally proposed by Lefevre et al. (19) and then by Mutch and colleagues (22) (23) (24) (25) (26) (27) . The original rationale for VV was that it ought to vary the location where recruitment occurs within the lungs during mechanical ventilation, so that it is not always the same airways that receive the stress of atelectrauma with every breath. More recently, Thammanomai et al. (39) investigated the physiological consequences of VV in a mouse model of ALI and found it to be superior to CV in terms of lung mechanical function and biomarkers of injury. VV has also been found to be superior to CV in terms of gas exchange and respiratory mechanics in pigs during severe bronchospasm (22) and prolonged anesthesia (23) and has been observed to lead to improved gas exchange and lung mechanics compared with CV in a sheep saline lavage lung injury model (12) .
VV thus appears to have promise as a ventilatory mode appropriate for ALI/ARDS, which immediately raises the Fig. 4 . Percent reduction of mean peak airway opening pressure in VV mode compared with CV mode at the end of ventilation for parameter combinations described in Fig. 3 legend. question of the mechanism underlying its apparent efficacy. One possibility relates to improved surfactant function. Arold et al. found that VV increases endogenous surfactant release in normal guinea pigs (9) and that a variable stretch pattern enhances surfactant secretion in alveolar type II cells in culture (7) . Reduced surface tension would be expected to improve the recruitability of the lung and to reduce tissue stress during mechanical ventilation. Suki et al. (38) proposed that the nonlinear pressure-volume curve of the lung may be critical to the benefits accruing from VV through a phenomenon known as stochastic resonance (41) . Here, the concavity of the lung's pressure-volume relationship leads to an increasing mean lung volume with increasing variations in pressure, even though mean pressure remains the same (14) . VV has also been reported to enhance respiratory sinus arrhythmia (24) , which is known to improve ventilation-perfusion matching in the lung.
None of the explanations for VV postulated so far, however, take into account the fact that recruitment and derecruitment in the lung are dynamic processes, depending on time as well as pressure. The temporal aspects of recruitment and derecruitment are limited in the normal lung but can become very pronounced in the injured lung, as evidenced by the extended transients in lung elastance that typically occur following a recruitment maneuver (2) (3) (4) . Since the occasional large VT that occurs in VV is reminiscent of recruitment maneuvers, we hypothesized that recruitment/derecruitment dynamics might be important in defining how VV fares compared with CV. Our model simulations bear this out. Figures 1 and 2 show that we can account for most of the experimental differences in EL(t) in mice obtained with VV vs. CV on the basis of our computational model of recruitment/derecruitment dynamics. In addition, while the model readily yields a prediction of the measurements with VV, it is only by assuming progression of lung injury during mechanical ventilation that we are able to account for the CV results (Fig. 1) , which further supports the relatively noninjurious nature of VV compared with CV. Indeed, IL-1␤, a cytokine that is known to accumulate in lung injury, was found to be increased in the lungs of mice ventilated with CV compared with those ventilated with VV (39) .
Experimentation with the parameters of the computational model suggests further insights into the mechanisms underlying the efficacy of VV relative to CV. First, although the relative efficacy remains when PEEP is varied between 1 and 6 cmH 2 O, the effect is less pronounced at the higher PEEP levels (Figs. 3 and 4) . This is not surprising, given that more of the lung becomes derecruited at the lower PEEP levels, so there is more room for improvement with an efficacious method of mechanical ventilation such as VV. Even a single pressure boundary between recruitment and derecruitment (i.e., P o ϭ P c ) maintains the improvement of VV over CV, at least at Ͻ6 cmH 2 O PEEP. On the other hand, the benefits of VV disappear altogether and are even slightly reversed, when the speeds at which airways open and close are made the same (i.e., S o ϭ S c ). This can be understood again in terms of the transient nature of lung recruitment. If a recruitment maneuver opens the lung more quickly than the subsequent closure rate, Fig. 5A ; VV-best fit, simulation data using original VV signal in Fig. 5A ; Ramp-sample-200, simulation data using VT in Fig. 5B ; Jump-sample-600, simulation data using VT in Fig. 5C ; CV-DI-65, simulation data using VT in Fig. 5D . then occasional DIs will be effective at maintaining the lung open, provided each maneuver occurs before the effects of the previous maneuver have completely worn off.
More rapid lung opening than closing is also supported by experimental observation. For example, Bellardine et al. (12) found in saline-lavaged excised calf lungs that the recruitment associated with a large VT during VV lasted Ͼ200 s, which was an order of magnitude greater than the average time interval between large VT. By contrast, they noted that the recruitment following a large breath during VV was virtually instantaneous. Similarly, in vitro experiments (31) have shown that airway reopening occurs more rapidly and at a higher pressure than does closure. Of course, our dynamic recruitment-derecruitment model is based on a purely empirical recruitment/derecruitment mechanism. Nevertheless, this mechanism is reminiscent of the processes of liquid bridge formation and breakage that have been shown to occur in small airways (17, 18, 29 -33, 42) . It thus seems likely that the experimental data used in the present study (39) reflect a rate of recruitment that was more rapid than derecruitment and that such differences may be critical to the relative benefits of VV over CV. Importantly, as the speeds of recruitment and derecruitment in the lung are likely to vary with the nature and degree of injury (2), the relative benefits of VV may be disease-specific. Interestingly, we also found that although the opening speed was greater than the closing speed for the best-fit CV model simulation (Fig. 1) , the speed difference was substantially smaller than for the best-fit VV simulation. The reason for this difference may be that we had to invoke increasing mean critical pressures in the CV simulation to achieve a reasonable fit, which is an ad hoc means of accounting for injury progression and would likely have affected the best-fit values of the other model parameters. The openingclosing speed difference was also smaller than we found in a previous experimental study in control and injured mice (21) , but this previous study considered only recruitment/derecruitment dynamics over 3 min, rather than 1 h, which makes comparison problematic.
If the benefits of VV accrue in large part from the transient recruitment effects of the occasional large VT, then these benefits should be related primarily to the intermittency of large VT, and not to the randomness of the ventilatory pattern per se. We tested this idea with the computational model by reordering the random VT to make them highly correlated in two ways, as shown in Fig. 5 , B and C. The results on the progression of EL(t) were similar to those found with the random VT and, indeed, were even similar to those found with regular VT interspersed with regular DI (Fig. 5D) . On their own, therefore, these results suggest that the judicious placement of DIs on a background of regular ventilation should be just as efficacious as VV. Other experimental findings, however, do not support this view, as significantly lower EL and airway pressures, better gas exchange, and lower IL-1␤ levels have been found with VV than with CV complemented with DIs (39). This is not to say that ventilation necessarily has to be truly random; it has been shown, for example, that ventilation of pigs with white and correlated noise provides no difference in gas exchange (15) . Rather, the crucial factor may simply be a sufficiently large number of different VT values within a given time period. Thus the benefits of VV are likely not related simply to the effects of recruitment/derecruitment dynamics but also reflect other mechanisms related to the generation of lung injury. One possibility is the mechanism that originally motivated the use of VV (19, 23, (25) (26) (27) ; namely, it varies the sites of airway reopening stress from breath to breath, rather than concentrating it at the same sites with every breath. Another possibility is that a sufficiently rich variation in VT is required to optimize surfactant function (7) . Since these mechanisms were not uncovered in the experimental study (39), we could not build them into the model; hence, this remains a limitation of the current study.
The frequency of DI is also a factor that contributes to the difference between our current modeling study and previous experimental studies of VV. In previous experiments on pigs, for example, DIs were used every 6 min (16) and every hour (26) , neither of which is likely to be frequent enough to have a significant effect on the mean amount of open lung. Even the greater DI frequency (from once every 25-400 breaths) used previously in mice (39) may not have been sufficient to maintain the same degree of recruitment as VV. Of course, keeping the lung as open as possible is not the only important consideration; if DIs are too frequent, they may cause lung injury themselves, and, in fact, we previously demonstrated the existence of an optimum DI frequency that balances recruitment against the production of injury (6). The factors leading to tissue injury were not taken into account in the present study, nor were any possible biological effects of VV considered. One potentially important biological effect is stimulation of surfactant release (7, 9) . Effectiveness of surfactant in reducing airway opening pressure can also have a biophysical origin via alterations in rates of transport to and from the surface, something that has been shown to be facilitated by oscillatory relative to steady airflow (34) . Indeed, improved surfactant function would be expected to decrease critical opening pressures through its effect on surface tension (17) . On the other hand, the stresses related to airway opening may cause further injury, which would tend to adversely affect surfactant function. These stresses depend markedly on the frequency of ventilation (36) , so it is conceivable that, under some conditions, the ongoing development of tissue injury might cancel out any improvements in surfactant function, leaving the dynamics of recruitment and derecruitment unchanged.
Surfactant dynamics are also affected by ventilation history. Pillert and Gaver (34) recently showed that opening airways using high-frequency low-amplitude oscillations substantially reduces mean reopening pressure compared with steady flow because of increases in surfactant transport and adsorption. Similarly, the modeling study of Smith and Gaver (36) on propagation of a finger of air through a liquid-filled cylindrical rigid tube showed that the normal stress at the tube wall is highly dynamic and reaches a minimum value at moderate oscillation frequencies. These experimental and modeling studies suggest that airway reopening and the associated mechanical stresses on the epithelium depend on breathing frequency in complex ways, which might explain the efficacy of VV, since the breathing frequency in VV varies from cycle to cycle.
Some other limitations of our modeling study must also be considered. For example, the scale factor (S o ) for the probability distribution of opening speeds was assumed to be constant over time and not to vary with airway generation. Because dx/dt depends on (P Ϫ P o ) (Eq. 1) and P o increases with generation number, opening speed will also decrease with generation number. In other words, small airways will tend to open during inspiration more slowly than large airways, a prediction that requires experimental verification. Another model limitation is that although the flows in different airway segments interact because flow is conserved, the effects of interdependence on airway opening via the surrounding parenchyma is not taken into account.
Finally, our conclusions are based on data collected from acid-injured mice, and we found in previous studies that rodents exhibit marked derecruitability when injury is severe (2, 4, 5) . Whether larger animals and humans behave in the same way under similar circumstances is uncertain. Pigs, for example, have been shown to exhibit little variation in elastance with time under CV (16, 37) . This might reflect species differences in chest wall stiffness or alveolar size or, perhaps, differences in the nature and degree of the lung injury involved. Nevertheless, it is clear that ALI leads to significant instability of the lung and an exaggerated tendency for derecruitment, so we believe it is likely that our present results extend in principle to larger animals and humans.
In conclusion, we have developed a computational model to compare the efficacy of CV and VV on lung mechanics. While several distinct mechanisms have been proposed to account for the improved overall lung function during VV, our results show that the dynamics of recruitment and derecruitment in the lung may also be important determinants in the relative efficacy of VV over CV in terms of maintaining the lung open, decreasing elastance, and avoiding the development of lung injury.
